calyces. The presence of zinc inhibits mGluR5, a major component of calcium homeostasis of NM neurons, and plays a modulatory role in the activity-dependent, Zinc is widely distributed in the central nervous system (CNS), it functions normally as a synaptic modulator, mGluR-mediated calcium homeostasis of auditory neurons. and it contributes to neuronal death under pathologic conditions. Zinc colocalizes with glutamate in excitKeywords: chick nucleus magnocellularis, metabotropic glutamate receptor atory synapses, and the presence of zinc is well characterized in the synapses of the auditory system. Since chick cochlear nucleus neurons depend upon synaptic activation of metabotropic glutamate receptors (mGluRs) for maintenance and survival, the goal of this study was to determine (1) if zinc is released from the eighth nerve calyces onto nucleus magnocellularis
INTRODUCTION
(NM) neurons in the chick cochlear nucleus, and, if so, (2) what effect it has on group I mGluR-mediated Neurons of the chick cochlear nucleus, nucleus magcalcium homeostasis of these neurons. Using in vitro nocellularis (NM), require eighth nerve activation of slices and a fluorescent dye relatively specific to vesicumetabotropic glutamate receptors (mGluRs) for mainlarized zinc, we show that zinc is indeed localized to tenance and survival (Zirpel and Rubel 1996 ; Zirpel the presynaptic calyces and is released upon nerve et al. 1998) . Elimination of this activation results in stimulation or KCl depolarization. Experiments an increase in intracellular calcium concentration employing fura-2 calcium imaging show that zinc ([Ca 2+ ] i (Zirpel and Rubel 1996) that ultimately leads inhibits group I mGluR release of calcium from interto the death of 20-40% of the neurons. The surviving nal stores of NM neurons and disrupts activity-depenneurons implement calcium-dependent compensadent calcium homeostasis in a manner identical to the tory mechanisms (Zirpel et al. 2000b ) but show promGluR5-specific antagonist 2-methyl-6-(phenylethyfound alterations in physiology, morphology, and nyl)pyridine. The mGluR1-specific antagonist 7-hydrometabolism (for review, see Rubel et al. 1990 ). The xyiminocyclopropan- [b] chromen-1a-carboxylic acid mechanism of this activity-dependent maintenance ethyl ester did not affect release of calcium from stores involves a complex interplay of multiple receptor by the nonspecific mGluR agonist aminocyclopentane types, second messenger systems, and calcium sigdicarboxylic acid, nor did it affect activity-dependent naling. calcium homeostasis. We conclude that zinc is present Zinc has been shown to modulate synaptic transmisin and released from the glutamatergic eighth nerve sion (Hollman et al. 1993; Nakazawa et al. 1995; Vogt et al. 2000) and to play a role in neuronal death (Can- nucleus contain zinc (Frederickson et al. 1988; Rubio Telephone: (801) Fax: (801) 581-4233; email: zlance@ neuro.utah.edu and Ruiz 1998), and a preliminary study has shown that zinc translocates into the cytoplasm of the NM dried, counterstained with thionin, dehydrated, cleared, and coverslipped. neurons which do not survive deafferentation (Wilson and Durham 1995) . We hypothesized that the zinc in the eighth nerve calyces is released during synaptic Slice preparation activity and modulates the functioning of mGluRs, thus contributing to the dynamic equilibrium of calcium Live in vitro tissue slices (300 m) were acquired from homeostasis in NM neurons. Consistent with this E18 embryos as previously described (Zirpel et al. hypothesis, a dye that labels vesicularized zinc was 2000a,b) and maintained in oxygenated artificial cerelocalized to the calyces and showed significant reducbrospinal fluid (ACSF; 130 mM NaCl; 3 mM KCl; 2 tions in fluorescence in response to nerve stimulation mM CaCl 2 ; 2 mM MgCl 2 ; 26 mM NaHCO 3 ; 1.25 mM or KCl depolarization. Exogenously applied zinc inhibNaH 2 PO 4 ; 10 mM glucose, pH 7.4). For pharmacology ited the ability of the nonspecific mGluR agonist experiments, drug was added to ACSF. aminocyclopentane dicarboxylic acid (ACPD) to release calcium from intracellular stores of NM neurons and disrupted activity-dependent calcium homeo-
Zinc imaging
stasis. The nonspecific mGluR antagonist methylcarTissue slices were labeled with 5 M N-(6-methoxyboxyphenyl glycine (MCPG) also inhibited release of 8-quinolyl)-p-carboxybenzoyl-sulphonamide (TFLZn) calcium from stores, similar to the effect of zinc, but free acid (TefLabs, Austin, TX) in oxygenated ACSF more severely disrupted activity-dependent calcium for 20 min at room temperature. Imaging was perhomeostasis. The mGluR5-specific antagonist 2-formed with an inverted microscope using 340-nm methyl-6-(phenylethynyl)pyridine (MPEP) paralleled excitation from a xenon lamp. Image acquisition and the effects of zinc while the mGluR1-specific antagoanalysis were performed using IPLab (Scanalytics, Fairnist 7-hydroxyiminocyclopropan-[b]chromen-1a-carfax, VA). Outlines were drawn over the clearly labeled boxylic acid ethyl ester (CPCCOEt) was without effect. calyces ( Fig. 1 ) and images acquired and analyzed The effects of zinc and MPEP were not additive. These online every 300 ms. A separate set of experiments results suggest that calyceal zinc is coreleased with was performed using a confocal microscope (CLSM) glutamate during synaptic transmission and plays a equipped with a UV laser (BioRad, Hercules, CA). The modulatory role in the activity-dependent calcium CLSM was operated in fast mode and 512-pixel ϫ homeostasis of NM neurons by inhibiting mGluR5.
512-pixel images were acquired at approximately 3 s intervals. Fluorescence measurements of confocal images were made using NIH Image (public domain
METHODS
software developed at the U.S. National Institutes of Health and available on the internet at http:// rsb.info.nih.gov/nih-image). Results were the same
HRP labeling
with both imaging techniques and have been pooled for presentation. Peak TFLZn fluorescence change was At embryonic day (E) 18, chick embryos were anesthemeasured following eighth nerve stimulation or KCl tized with pentobarbital and perfused transcardially depolarization. In 3 of 6 stimulated slices and 5 of 8 with 2% paraformaldehyde and 0.01% glutaraldehyde KCl-depolarized slices, there was a sharp artifact in 0.1 M phosphate buffer. Brains were removed and observed at the termination of the stimulus (see Fig.  immersed in the same fixative for 1-2 hours at 4ЊC. 1B). This artifact was present but much smaller in Horseradish peroxidase (HRP; type VI, Sigma-Aldrich, magnitude upon termination of other solution St. Louis, MO) was dissolved in dimethyl sulfoxide changes (e.g., from calcium-free ACSF back to normal (DMSO) and fine cactus (Mammillaria elongata) nee-ACSF), and no changes in fluorescence were observed. dles were dipped into this solution and allowed to dry Therefore, we conclude that this inconsistent and tranat room temperature. An HRP-coated cactus needle sient drop in TFLZn fluorescence is, indeed, an artiwas lowered into the eighth cranial nerve at the lateral fact. Measurements were made so as to exclude this margin of the brain stem and left there for 60 s. The artifact. brain was then immersed in 0.1 M phosphate buffer (pH 7.4) for 2 days at 4ЊC. The brain was then immersed for 4 hours in 4% glutaraldehyde in phos-
Cochlea removals
phate buffer at 4ЊC and placed in 30% sucrose in buffer overnight. Cryostat sections were cut at 25 m Two days after hatching, four chicks underwent unilateral cochlea removal as previously described (Born and reacted for HRP using the cobalt-intensified diaminobenzidine method. Sections were mounted on and Rubel 1985; Zirpel et al. 2000b ). Seventy-two hours after cochlea removal, chicks were sacrificed and in subbed slides from an alcohol-gelatin mixture, air every 60 s and ratioed on a pixel-by-pixel basis. Intracellular calcium concentration was estimated according to Grynkiewicz et al. (1985) using NIH Image. Fivepoint external calibrations were performed on the imaging system and the Kd or fura was calculated with each calibration. The range of Kd values was 75-172 nM. Up to 10 neurons were analyzed for any given experiment. However, each slice was considered n ϭ 1 and the data from all neurons in a single slice were averaged. Cells were not included in the analysis if baseline [Ca 2+ ] was greater than 250 nM, as this concentration is indicative of a dying cell (Zirpel et al. 1998 ). Cells were not added to or subtracted from the analysis of an experiment except when a complete loss of fluorescence was observed, indicating cell death (Johnson et al. 1994) .
Intracellular calcium concentrations were plotted as a function of time using Excel (Microsoft Corp., Redmond, WA) and Cricket Graph (Cricket Software, Malvern, PA). Data are presented as means Ϯ 1 SEM unless otherwise indicated. MPEP and CPCCOEt were pel and Rubel 1996; Zirpel et al. 1998) . A concentric, bipolar, stimulating electrode (FHC, Bowdoinham, ME) was placed on the eighth nerve dorsolateral to vitro brain stem slices containing NM were acquired NM. Stimulation pulses (50-100-s duration, 60-80 and labeled with TFLZn as described above. V) were delivered at a rate of 5 Hz. Field potentials were recorded with an ACSF-filled microelectrode (Ϸ1 M⍀) attached to an amplifier and monitored on an
Calcium imaging
oscilloscope. Tissue slices were incubated in oxygenated ACSF containing 8 M Fura-2/AM (Molecular Probes, Eugene, OR), 1.7% anhydrous, DMSO, and 0.03% Pluronic for
RESULTS AND DISCUSSION
30 min at room temperature. Slices were placed in the imaging chamber and bathed in normal, oxygenated
Zinc in eighth nerve calyces
ACSF for approximately 5 min before data acquisition. Ratiometric fluorescence imaging techniques used in NM neurons receive excitatory glutamatergic input from the eighth nerve via specialized calyceal termithis study were similar to those described previously (Zirpel et al. 2000a,b) . Paired 350/380-nm excitation nals called end-bulbs of Held (Jhaveri and Morest 1982; Carr and Boudreau 1991) . These end-bulbs form images were acquired approximately every 3-5 s or secure synapses that cover approximately two-thirds of under these conditions that is not affected by ionotropic glutamate receptor antagonists (Zirpel at al. the NM neurons (Parks et al. 1990 ). The morphology of these calyces can be seen in Figure 1A . Figure 1Aa 1995). Figure 2A shows a typical response. The presence of zinc in the superfusing ACSF attenuated the shows eighth nerve terminals that have been orthogradely labeled with HRP. Figure 1Ab shows terminals calcium response evoked by ACPD ( Fig. 2A) , second response) in a dose-dependent manner (Fig. 2B ). NM that have been labeled with TFLZn, a fluorescent dye that binds to vesicularized zinc (Budde et al. 1997) .
neuron responses to ACPD do not show desensitization or attenuation in the time frame of the present Figure 1Ac shows NM labeled with TFLZn 72 hours following cochlea removal. At this time point the axons experiments; repeated application of ACPD elicits consistent Ca 2+ responses . and calyces of the eighth nerve have degenerated and are no longer present (Parks and Rubel 1978) . It is To determine if zinc affects one or both members of the group I mGluRs, specific and nonspecific antagclear that the TFLZn staining pattern following calyx degeneration (Fig. 1Ac) is distinctly different than that onists were compared. Figure 2C shows that the mGluR5-specific antagonist MPEP (Gasparini et al. seen in normal, intact NM (Fig. 1Ab) . The staining is more diffuse, less intense, and evenly dispersed over 1999; Santori et al. 1999 ) had a similar effect on ACPDinduced calcium release as did zinc, reducing the the cell soma. The calyceal morphologies are not seen with TFLZn staining 72 hours after cochlea removal.
response by 60% (vs. 52.5% for 100 M zinc). In a heterologous expression system, MPEP has been These results are consistent with calyceal labeling of zinc with TFLZn in intact NM (Fig. 1Ab) .
shown to specifically and potently inhibit chick mGluR5a (Storjohann et al. 1999 et al. 1998; Litschig et al. 1999) was without effect on shown in Figure 1Bb . These changes in TFLZn fluorescence were not observed in NM of chicks that had ACPD-evoked calcium release (Fig. 2C) , suggesting that the release of calcium from stores (and zinc inhibiundergone cochlea removal 72 hours prior to slice acquisition (n ϭ 4, data not shown). These results tion of this release) is mediated mainly through mGluR5. Consistent with this hypothesis, the nonspeconfirm the histochemical findings of Wilson and Durham (1995) showing that zinc is present in the eighth cific mGluR antagonist methylcarboxyphenyl glycine (MCPG) did not attenuate the ACPD-evoked calcium nerve calyces terminating on NM neurons. In addition, our results suggest that zinc is released during nerve response to any greater extent than did zinc, MPEP, or the combination of zinc and MPEP ( Fig. 2C ; 79% vs. stimulation and end-bulb depolarization.
52.5%, 60%, and 57.5%, respectively; p Ͼ 0.05 Fisher's PLSD post hoc analysis). Interestingly, the zinc chelator tetrakis-(2-pyridylmethyl) ethylenediamine
Zinc inhibition of calcium release from (TPEN) caused a 60% potentiaton of ACPD-evoked intracellular stores calcium release (Fig 2C; p ϭ .0384, Fisher's PLSD post hoc analysis). TPEN chelates zinc and other heavy NM neurons express group I mGluRs that release calcium from intracellular stores and metals both intracellularly and extracellularly, thus confounding interpretation of the localization of the contribute to the dynamic calcium homeostasis of these neurons during normal synaptic transmission zinc effect. To circumvent these problems with TPEN, the same experiments were performed using the more (Zirpel and Rubel 1996) . Therefore, we examined the ability of zinc to modulate the release of calcium by specific extracellular zinc chelator, calcium-saturated ethylenediaminetetraacetic acid (Ca-EDTA). The presthe nonspecific mGluR agonist aminocyclopentane dicarboxylic acid (ACPD, 1 mM) in nominally Ca 2+ -ence of Ca-EDTA in the superfusing medium also resulted in a potentiation of the ACPD-evoked calcium free medium. The initial ACPD experiments were performed with 1 mM EGTA in the bathing medium.
release that was not significantly different from the TPEN-induced potentiation (Fig. 2C) , p ϭ 0.5264, However, since EGTA also chelates zinc, and since previous studies have shown that ACPD elicits identical Fisher's PLSD post hoc analysis). This suggests leakage of zinc from the terminals in the absence of activity mGluR-mediated Ca 2+ responses from NM neurons in the presence or absence of extracellular Ca 2+ (Zirpel (e.g., via miniature excitatory postsynaptic currents; see Zirpel et al. 2000b ). This leaked zinc appears to et al. 1995), Ca 2+ was omitted from the medium during zinc experiments, but no chelator was added. ACPD exert a low level of inhibition on the mGluRs that was relieved by chelating the zinc with TPEN or Ca-EDTA. consistently and repeatedly elicited a calcium response This is consistent with the evidence that the end-bulbs "leak" glutamate in the absence of synaptic activity (Zirpel et al. 2000b) .
Zinc can enter a cell by influx through NMDA receptors, Ca 2+ -permeable AMPA receptors, and voltagegated calcium channels (Sensi et al. 1997; Colvin et al. 2000) , all of which are present on NM neurons. Influx of zinc into the NM neurons could confound the interpretation of these experiments by exerting an intracellular effect or by interacting directly with fura-2. The increased calcium response in the presence of zinc chelators in the present experiments would suggest that, under these experimental conditions, zinc is not entering the postsynaptic neuron. Since Ca-EDTA chelates extracellular zinc, the potentiation effect cannot be the result of an intracellular site of action following zinc influx. These results are consistent with zinc having an inhibitory effect on postsynaptic mGluRs.
Zinc disrupts activity-dependent calcium homeostasis
To determine if zinc inhibition of mGluR5 affected the activity-dependent calcium homeostasis in NM neurons, zinc was applied to a slice receiving eighth nerve stimulation while [Ca 2+ ] i was monitored. ( Figure  3A) shows that during eighth nerve stimulation, NM neuron [Ca 2+ ] i remains stable near 100 nM (ⅷ; see also Zirpel and Rubel 1996) . Application of 100 M zinc under the same conditions caused an increase in [Ca 2+ ] i that increased rapidly between 20 and 30 min after application and then plateaued near 280 nM (Fig.  3A, ᭝) . If zinc is indeed being released during synaptic activity, the effect on activity-dependent calcium homeostasis seen in Figure 3A would be in addition to the effect mediated by endogenous zinc. Application of the zinc chelators TPEN (200 M, n ϭ 3 slices) or Ca-EDTA (1.5 mM, n ϭ 4 slices) had no effect on elicited by 1 mM ACPD (control; n ϭ 4) in the presence of zinc (n may become significant at higher levels of stimulation. ϭ 8), MPEP (a mGluR5-specific antagonist; n ϭ 5), the combination Similarly, the mGluR5-mediated component of calof MPEP (10 M) and zinc (100 M) (n ϭ 4), CPCCOEt (a mGluR1-cium homeostasis may be less important at mainspecific antagonist; n ϭ 9), MCPG (a nonspecific mGluR antagonist, taining baseline calcium levels and more important n ϭ 4), TPEN (a zinc chelator; n ϭ 5), and Ca-EDTA (a more specific zinc chelator, n ϭ 4). Groups were compared by one-factor ANOVA for clearing calcium loads under different stimulation that yielded a highly significant effect of treatment: F ( 7, 35 ) ϭ 9.011, conditions. Thus, increasing mGluR5 activity by removp Ͻ 0.0001. Pairwise comparisons were made using Fisher's PLSD ing zinc inhibition with TPEN or Ca-EDTA would have post hoc analysis. Asterisks denote a significant difference ( p Ͻ 0.05) no effect on the baseline [Ca 2+ ] i under these experifrom the control group. mental conditions. Second, increased mGluR5 activity ing eighth nerve stimulation. Figure 3A (□) shows that MPEP application resulted in an increase in NM [Ca 2+ ] i that paralleled the increase seen with zinc application. However, the [Ca 2+ ] i increase induced by MPEP application was much more gradual than that of zinc but plateaued at the same level. The combination of zinc and MPEP (Fig. 3A, Ⅵ) was indistinguishable from that induced by zinc application alone. These results are consistent with zinc exerting its effect through mGluR5.
The nonspecific mGluR antagonist MCPG caused a rapid and large increase in NM neuron [Ca 2+ ] i when applied to slices receiving eighth nerve stimulation (Fig. 3A, ࡗ ; see also Zirpel and Rubel 1996) . The increase occurred immediately after application of MCPG and plateaued at approximately 750 nM. This indicates that there are other mGluR-mediated components contributing to the activity-dependent calcium homeostasis of NM neurons. NM neurons express high levels of mGluR1 (Zirpel et al. 2000a) , but this group I mGluR does not appear to couple to calcium release from stores (Fig. 2C) . Heterologously expressed mGluR1 has been shown to couple to an increase in adenylate cyclase activity (Sugiyama et al. 1989) , and a component of NM neuron mGluR calcium homeostasis appears to depend on mGluR-mediated increases in cAMP levels (Lachica et al. 1995) . Thus, NM neurons may express a mGluR1 that is linked to an increase in adenylate cyclase rather than release of calcium from stores. This mGluR1-mediated mechanism is likely to be a major component of the activity-dependent, mGluR-mediated calcium homeostasis. The application of MCPG would remove the mGluR-medi- also attenuate the deafferentation-induced neuronal death (Zirpel et al. 1998 (Zirpel et al. ,2000b , whereas the presence of TPEN or Ca-EDTA in the bathing medium does not. Neither TPEN (Lu and Rubel, personal communiresulting from removal of zinc inhibition may be undetectable with our present imaging system. Non-confocation) nor Ca-EDTA (Fig. 3B, ᭡ ] i changes of Ͻ20 nM are not reliably of zinc in normal, Ca 2+ -containing medium shows no effect on the increase in [Ca 2+ ] i in the absence of detected in this type of experiment, which has relatively low temporal resolution. stimulation (Fig. 3B,छ) . Conversely, the absence of Ca 2+ in the superfusing medium containing 100 M To determine if zinc was acting through mGluR5, as in the experiments presented in Figure 2 , the mGluR5-zinc prevents any increase in the fluorescence ratio of fura-2 (Fig. 3B, Ⅵ) . While a contribution of zinc influx specific antagonist MPEP was applied to slices receiv-to the increase of fura-2 fluorescence ratio cannot be following activity deprivation. In the absence of synaptic activity, the calyces probably "leak" glutamate (Zirruled out entirely, these results strongly suggest that the fluorescence changes measured in the present pel et al. 2000b ) and zinc (TPEN and Ca-EDTA effect in Fig. 2C , this report). The calcium-permeable AMPA experiments are predominantly changes in intracellular Ca
2+
. However, Wilson and Durham (1995) receptors would then be activated by the glutamate, which does not reach concentrations high enough to reported cytosolic zinc in NM neurons 1 h after deafferentation. This level of zinc may be undetectable activate the mGluRs, allowing influx of calcium and zinc that would accumulate in the absence of the with the present imaging experiments or may be so small that, given the Ϸ20 nM resolution of our experimGluR-mediated clearance mechanisms and lead to the death of 30% of the NM population. The role of ments, it is overshadowed by the large Ca 2+ fluxes being measured by fura-2. Clearly, there is an influx of both zinc in NM neuron death following activity deprivation needs to be more fully investigated. Ca 2+ and Zn 2+ into NM neurons following deafferentation, but the experiments presented in Figure 2C suggest that Zn 2+ is exerting an effect on postsynaptic mGluRs.
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